Introduction
Syntactic foams are defined as materials which are formed by embedding hollow microspheres -microballoons into a polymer matrix. The matrixes are usually thermosetting resins such as epoxy, polyester, phenolic, while the microballoons can be made from glass, phenolic, carbon and so on [1] . Syntactic foams exhibit excellent properties, that is, low weight, high specific strength and low moisture absorption. Because of this, these materials are commonly used in aerospace, marine, vehicles and architectural applications [2] .
Flexural properties are important factors for the mechanical performance of syntactic foams. Many researchers have investigated the flexural properties of various syntactic foams [3] [4] [5] [6] . Results of these researches showed that the addition of microballoons could reduce the densities of materials. The syntactic foams commonly have a higher specific flexural modulus and even a higher flexural modulus compared to the neat resin. Nevertheless, a higher volume fraction of microballoons leads to a lower flexural strength of syntactic foams resulting in the restriction of applications. Presently, embedding short fibres in syntactic foams is a viable means for enhancing the flexural properties of syntactic foams. Many researchers reported that the incorporation of chopped strand glass fibres or carbon fibres could improve the flexural properties of syntactic foams [1, [7] [8] [9] . However, this method has some limitations; short fibres are hard to uniform disperse and may cluster and bunch in the matrix. Due to the clustering and bunching, the fibres are not completely wet by the matrix hence the fibres are less effective in bearing the load. And even worse, the incomplete wet fibres can make the interface region to be filled with air and eventually reduce the mechanical properties of the whole materials [7, 10] .
WKSF has much better cushion properties. The published studies conducted on WKSF or composites enhanced by WKSF are mainly the focus on their compressive and impact properties [11] [12] [13] . In these researches, WKSF showed good cushioning performance, and the great structural integrity of WKSF could prevent the clustering and bunching of reinforced fibres. Therefore, WKSF is especially adapted for the use of skeleton materials in composites.
In this study, syntactic foam reinforced by WKSF (SF-WKSF) was fabricated and the flexural properties of SF-WKSF were compared with NSF. Meanwhile the effects of structural parameters of WKSF, microballoons content and type on the flexural performance of SF-WKSF were also investigated and discussed. In addition, the fracture features of SF-WKSF and NSF under flexural load were done through macro-observation and scanning electron microscope (SEM).
fineness of spacer yarns. Polyester monofilament was applied for spacer yarns and polyester multifilament (DTY) of 300D/96F for surface layer yarns. The detailed parameters of spacer yarns and WKSF are listed in Tables 2 and 3 , respectively. Figure 2 presents the structural features of WKSF.
Sample preparation
To disperse the microballoons uniformly, the temperature of the epoxy resin remained 60℃ during the mixing process. A weighed quantity of microballoons was added to the epoxy resin for several times, and each time half of the remaining and amine epoxy hardener (100-1B) (Wuxi Singmen Electronic Materials Co. Ltd, China) were used for the matrix materials of syntactic foams. Two types of hollow glass microballoons (3M Co., MN) with trade name of K1 and S60HS were used as the light-weight filler. The physical properties of these microballoons are listed in Table 1 , in which the true density, mean particle size and strength are provided by the supplier, and the radius ratio (η) was calculated using the following equation:
where ρm is the density of microballoons, and the value is obtained from the manufacturer's datasheet; ρg is the density of glass, in this work the value is 2.50g/cm 3 . The higher η value will result in the thinner microballoons' wall.
WKSF was produced on double-needle-bar Raschel warp knitting machine of E-18 (Wuyang Co., Ltd, China). The working principle of this machine is shown in Figure 1 [14] . The guide bars GB1 and GB2 knitted a surface layer of WKSF on the front needle bar, while the guide bars GB5 and GB6 made another surface layer of WKSF on the back needle bar. The guide bars GB3 and GB4 carried the spacer yarns and looped alternately both on the front and back needle bars to connect two surface layers. the measured density of samples is lower compared to the theoretical density. It is due to the fact that the presence of void in the composite system. The void volume fractions (Vv) were calculated by using measured and theoretical densities as given by equation (2) [15] .
where ρt and ρm are the theoretical density and measured density of specimens, respectively. The ρt was calculated based on the volume fraction of the various constituents and shown in equation (3).
microballoons was added. Then, the hardener was slowly added to the suspension. The mass ratio of resin and hardener were sustained at 100:33. The whole mixing process was done gently by using a wooden stirrer in order to avoid the breakage of microballoons. The slurry was filled into a cylindrical silicon mould with the size of 80 mm×10 mm×8 mm. The WKSF, cut into 80 mm in length and 10 mm in width, was carefully pressed into the mixture. Then the specimens were cured 24h at room temperature and postcured at 60℃ for additional 2h. Figure 3 represents the schematic illustration of SF-WKSF specimen. For comparison, the NSF specimen was prepared, and the specifications of all samples studied in this work were summarized in Table 4 . The densities of specimens were obtained according to the Archimedes principle. At least five specimens were used to measure the density. It is noted that where P is the peak load, L is the span length, w and t are the width and thickness of the specimens, respectively.
where ρt1, ρt2, ρt3… are the densities of different components and V%1, V%2, V%3… are the correspondent volume fraction of these components in the whole composite system. The densities of neat epoxy resin system and fibre materials (polyester) used in this research are 1.160 g/cm 3 and 1.380 g/ cm 3 , respectively.
Flexural test
The ISO 14125:1998 standards are adopted for the three-point bending (TPB) tests. The TPB tests were performed with a span (L) of 64 mm and all specimens have a specimen length (l), width (w) and thickness (t) of 80 mm, 10 mm and 8 mm, respectively. The schematic diagram of TPB texts is shown in Figure 4 .
The TPB tests were carried out using HuaLong WDW-20 Electronic Universal Tester. The experimental instrument and process of flexural tests are shown in Figure 5 . The constant deformation rate was 2 mm/min and at least five specimens were tested. The tests lasted until the NSF specimens' fracture and the deflection (displacement) of SF-WKSF reached 6 mm. Load and displacement data obtained from the tests were used to plot the load-displacement curves. Flexural strength (σ) and flexural modulus (Ef) were calculated using equation (4) and (5), respectively. In addition, the densities of S1, S2, S3, S4 and NSF are close to each other (Table 4 ). It can be concluded that the addition of WKSF improves the flexural properties of syntactic foams with almost no impact on the density of composites. According to the least resistance path theory as mentioned above, these cracks that produce through the TPB tests have the tendency to propagate along the least resistance direction, so the cracks of NSF samples have the curve manner as shown in Figure  6 . When the WKSF is introduced into the syntactic foam, the presence of spacer yarns prevents the horizontal propagation of crack and changes the propagate paths of specimens from curve line to oblique line ( Figure 6 ), and thus forces the cracks away from the least resistance path and increases the flexural properties of materials. In addition, it is obvious from the Figure 6 that a clear split of the NSF samples has occurred. In the case of SF-WKSF, the specimens do not readily split, and instead only a bent appearance can be seen for all the SF-WKSF specimens. This is primarily due to the presence of surface fabrics, which results in the reinforced foam taking more load than the unreinforced materials. Based on the two points, the introduction of spacer yarns and surface fabric are the reasons why SF-WKSF has better flexural strength and modulus compared with NSF.
The fracture surfaces of specimens were examined by SEM. Figure 9 shows the fracture details of NSF. It can be clearly seen that the step structure prevails for the microstructures of NSF. According to the least resistance path theory, it is assumed that when the NSF specimens were under flexural load, the cracks appeared and propagated through matrix resin. When they reach the interface between microballoons and matrix resin, cracks will be resisted and break away the microballoons due to the high-strength S60HS microballoons.
where K is the stiffness or the slope of the load-displacement curve in the initial portion.
Results and discussions

Flexural properties of SF-WKSF and neat syntactic foam
The TPB tests present a case where the load changes through the thickness direction of specimens. The load changes from compression at the compressive side to tension on the opposite surface of the specimens marked as tensile side (Figure 4 ). In addition, shear loads spread along the length of the specimens. In general, the specimens can fracture under two types of loads, horizontal load and vertical load. Hence, crack location and propagation directions can give an evaluation in determining the type of load that causes specimen failure [16] . It was observed that in all specimens, the failure process can be observed in the tensile side firstly and then followed by a sudden (NSF) or slow (SF-WKSF) failure. Figure  6 shows the front view of the specimens after TPB tests. It is noticed that cracks propagate in a curve manner for the NSF specimen, and the same occurs at an approximate oblique line manner for the SF-WKSF specimens. This phenomenon illustrates that the NSF specimen mainly bears the horizontal load along the length of specimens and SF-WKSF specimens are mainly imposed by the vertically load. The reason of the difference is that these cracks propagated at a random direction to the load based on the least resistance path, which results in the fact that the presence of WKSF especially the spacer yarns stops the transmission of cracks propagating along the length of the specimens and assist the straightening of the crack path. Figure 6 . The front view of the specimens after TPB tests Figure 7 displays the flexural load-displacement curves of SF-WKSF and NSF in TFB tests. Obviously, all of the curves display the similar linear trend in the initial phase and the load values decrease sharply after the end of the elastic region due to failure initiation in the specimens. The specimens of NSF show complete fracture, whereas the specimens of SF-WKSF show an approximate plateau region after this sharp decrease in the load. All the SF-WKSF specimens have a higher peak load carriers. The phenomena result in more irregular cracks which are considered as additional mini-type step structures absorbing more flexural energy. Furthermore, there are more step structures found around microballoons. And there is nearly no crushed microballoons that can be revealed during the TPB tests, as shown in Figure 10 . Therefore, a conclusion could be drawn that the spacer yarns and matrix resin are the primary load carrier in SF-WKSF during the TPB process.
Effects of WKSF on flexural properties
Specimens S1 and S2 have the same structural parameters except the spacer yarns' inclination-angle of WKSF which depends on the lapping codes of guide bars GB3 and GB4. Figure 11 shows the global lapping movements of spacer yarns carried by GB3 for type I (red lines) and II (green lines). In the figure, the x-, y-and z-axes indicate the direction of weft, wale, and thickness of spacer fabric, respectively. All the dots represent the junctions between spacer yarns and surface It can be proved that the fracture surface of NSF involves a small amount microballoon debonding and fracture, almost with no instance of the crushing of microballoons, as shown in Figure 9 . Meanwhile, there are more step structures around microballoons compared with the other regions. This illustrates that the microballoons embedded in NSF can change the direction of crack. The microballoons are not the primary load carrier under TPB tests and the failure of NSF is dominated by resin matrix fracture. The presence of microballoons makes the cracks propagate at different planes and form more step structures. Furthermore, the step structures are considered as new surfaces, leading to more fracture energy-absorbed on them. Figure 10 shows the SEM micrograph of fracture surface of specimen S1 after TPB tests. It is obvious that the step structures can be found in SF-WKSF. And the spacer yarns in SF-WKSF are pulled out and deformed during the TPB tests, indicating that the spacer yarns are one of the primary to a better structural integrity, stronger surface layer and more spacer yarns in per unit area, resulting in an obvious increase of the bending responses of S1.
Effects of microballoons on flexural properties
As one of the components, S60HS microballoons with content 30%, 20% and 40% were used to fabricate specimens S1, S5 and S6, respectively. The flexural strength, specific flexural strength, modulus and specific modulus values of these three samples are shown in Figures 12 and 13 , respectively. It can be seen that S5 exhibits the lowest flexural strength and flexural modulus values, while flexural strength and flexural modulus values of S1 and S6 are very close and higher than that of S5. Additionally, the lower density of microballoons and more voids generated during the manufacturing process increase the volume fraction of microballoons, leading to the decrease of density of the whole composite (Table 4) . Hence, in the case of specific properties of SF-WKSF, S6 has relatively higher values compared with S1 and S5. In summary, when the volume content of S60HS microballoons is relatively low, the bending performance of SF-WKSF can be layers. α and β denote the spacer yarns' inclination-angles of WKSF B1 and B2, respectively. It is clear that the inclinationangle of spacer yarns for B1 (α) is larger than that of B2 (β). Based on the flexural strength and modulus of S1 and S2 shown in Figure 8 , it is evident that the sample with larger inclinationangle presents slightly higher flexural strength and 15% higher modulus value compared to the corresponding sample. The larger inclination-angle of spacer yarns (α), the shorter the length of spacer yarns (AA') as a result of better critical force of spacer yarns. This increases the bending resistance abilities of SF-WKSF.
The spacer yarns with different diameters (0.2 mm and 0.16 mm) were used in specimens S2 and S4. The flexural loaddisplacement curves of S2 and S4 are fairly the same in the entire testing process. Similar tendency can be found in Figure  8 where the flexural strength and modulus values of S2 and S4 are close. The findings obtained demonstrate that the effect of fineness of spacer yarns on anti-bending capacities is not significant. This can be explained by the fracture mechanism of SF-WKSF which explains that the spacer yarns and matrix resin are the primary load carrier of SF-WKSF during the TPB process and the major failure mode of spacer yarns are pulled out and deformed without fracture. Thus, when the diameter of spacer yarns reaches a certain value to make the strength of spacer yarns reach a fairly high level, the fineness of the spacer yarn is not a critical factor on the flexural capacities of SF-WKSF.
The surface layer structures of WKSF B1 and B3 are Chain+Inlay and Hexagonal mesh, respectively. As shown in Figure 2 , B1 presents much closer surface layer structures than that of B3. This illustrates that B1 has a higher area density and spacer yarns distribution density than B3 (Table 3) . Referring to Figure 8 , it can be found that S1 reinforced with B1 has a significantly higher flexural strength and modulus compared with S3 conducted of B3. Closer surface layer structure leads significantly improved by increasing the volume fraction of S60HS microballoons. However, when the content of S60HS microballoons reached a certain level, the specimen with higher volume fraction shows superior specific flexural mechanical properties, but the effects of content on flexural strength and modulus are not significant. The high-compressive-strength S60HS microballoons distributed and embedded in the matrix resin increases the quantity of step structures when the volume fraction of S60HS content is low, resulting in the increase of anti-bending capacities of specimens. Further increasing the volume fraction of microballoons can increase the number of voids and agglomeration between microballoons, which slow down the increasing of flexural strength and modulus of SF-WKSF.
Specimens S1 and S7 were filled with the different type of microballoons (S60HS and K1, respectively). The flexural strength, specific flexural strength and modulus, specific modulus values of S1 and S7 are shown in Figure 14 and 15, respectively. It is evident that the sequences of all these items of composites are S1> S7, which means that the flexural properties of SF-WKSF increase with the increase of microballoons density (Table 1 ). Figure 16 and 17 show the SEM micrographs of the fracture surface of S7 after TPB tests with low and high magnification, respectively. Similar to the SEM micrograph of S1 (Figure 10 ), the microballons fracture and debonding can also be found in S7. Differently, the spacer yarns are not pulled out and deformed in S7, but some crushed microballons were found and distributed in the whole matrix resin. In addition, the large area of microballoons fracture can be found in the high magnification SEM image, as shown in Figure 17 . Hence, the K1 microballoons are one of the primary load carriers of SF-WKSF during the TPB tests. The phenomena are resulting from the low strength of K1 microballoons. According to the least resistance path theory, K1 microballoons cannot resist and change the propagation direction of crack, this indicates that the less step structures can be generated as a result of less consumption of flexural energy during TPB tests. All the results degrade the flexural performance of S7. the effect of fineness of the spacer yarns on anti-bending capacities is not significant. Therefore, it is important to select the appropriate fabric structural parameters during the production of this material.
Different types and content of microballoons have obvious influence on the bending responses of specimens, which can be improved by using microballoons of higher density and increasing content of S60HS microballoons within an appropriate range.
The research introduces valuable technical information for fabrication of this composite and application as aero, marine and construction materials. 
Conclusions
In this paper, a new type of composite concerning SF-WKSF was prepared and the TPB tests were carried out to investigate the flexural properties of this material. Based on the experiment results, the effects of WKSF and microballoons on flexural strength and modulus of this composite were analysed.
The results showed that the SF-WKSF displays superior properties than NSF with respect to the flexural strength and modulus.
The bending properties of SF-WKSF were obviously controlled by some structural parameters of WKSF. The composites with larger inclination-angle and closer surface layer structure exhibit better performance on the flexural capacities. However,
